Chemical vapor deposition (CVD) on Cu foil is one of the most promising methods to produce graphene samples despite of introducing numerous grain boundaries into the perfect graphene lattice. A rich variety of GB structures can be realized experimentally by controlling the parameters in the CVD method. Grain boundaries contain non-hexagonal carbon rings (4, 5, 7, 8 membered rings) and vacancies in various ratios and arrangements. Using wave packet dynamic (WPD) simulations and tight-binding electronic structure calculations, we have studied the effect of the structure of GBs on the transport properties. Three model GBs with increasing disorder were created in the computer: a periodic 5-7 GB, a "serpentine" GB, and a 
Introduction
Investigating the different lattice defects and understanding their effects on the charge transport in graphene [1] plays a central role both in the theoretical [2, 3] and experimental [4, 5] graphene research. Chemical vapor deposition (CVD) on various metal surfaces [6, 7] is an effective method to produce graphene samples for practical applications [8, 9] . However, recent AFM [10] and STM [11] measurements have shown that especially in the samples grown on Cu foil the graphene lattice breaks into many single-crystal regions with grain boundaries (GBs) between the domains and the presence of GBs may substantially affect the remarkable properties of the perfect graphene lattice [12] .
The transport properties of the GBs can be significantly different depending on their detailed geometry. Ab-initio transport calculations for periodic pentagon-heptagon dislocation cores [13] predict high transparency or perfect reflection depending on the different misorientation angles of the two grains. Taking into account more complex forms of GBs without periodicity [11, 14] , Tuan et al. [15] have performed real-space (order-N) quantum transport calculations to determine the Kubo-Greenwood conductivity of polycrystalline graphene samples. They found a very simple scaling law between the semiclassical conductivity and the average grain size. The results also highlighted the strong influence of the different stitching between the grains on the transport properties as it was experimentally also observed [16] . To improve the conductivity of the CVD produced graphene by finetuning the growing parameters it is necessary to understand the detailed geometry of the GBs and their effects on the transport.
In our previous calculations the dynamics of the electrons represented by wave packets (WPs) was examined in nanotubes [17] and in graphene [18, 19] by the wave packet dynamical method (WPD) [20] . In those papers we presented a detailed analysis of the quantum tunnelling and the charge spreading phenomena in the case when the electron was injected from a simulated STM tip onto the carbon nanostructures. By using a similar geometry, in this paper we present WPD transport calculations on different types of GBs: a periodical pentagon-heptagon GB, a non-periodical "serpentine-like" GB and a non-periodical disordered GB, which contains different defects and non-hexagonal carbon rings. In the first and the second geometry, the C atoms preserve their sp 2 symmetry, but the disordered geometry has two-coordinated C atoms as well. By the detailed study of energy dependent wave functions, we were able to identify the main scattering centres in the modelled GBs. Our results give a deep insight into the transport phenomenon of the graphene GBs and can also provide valuable information for practical applications.
Computational methods
In the CVD growth conditions the Smoluchowski-type ripening may occur [7] , where the coalescence of the growing large 2D islands of graphene governs the kinetic pathway. We modelled this process by a Monte-Carlo like method (described in Ref. [21] ) to construct the serpentine and disordered GBs: (1) Two graphene cells are generated on the computer with different orientations and one of them is translated so as to overlap the other cell. The C atom sites that belong to the overlapping region (1nm in width) are emptied. Schrödinger equation using the split operator Fourier-transform method [22] .
where the Hamiltonian consists of two parts: the kinetic K and the potential Vˆenergy operators. The effect of the kinetic energy propagator
is given in k space by multiplicating the momentum space wave function
, and the potential energy propagator is a simple multiplication with
potentials. In our potential model the metallic STM tip is represented by a jellium potential (see Ref. [19] for its parameters). For the graphene, we used a local one electron pseudopotential [23] matching the ab-initio band structure of graphene sheet π electrons. 
From the time-dependent wave function we can obtain all the measurable quantities such as
along a selected measurement plane gives the probability current ) (t I . To study the dynamics in the energy domain we performed timeenergy Fourier transform [24] . The time dependent wave function can be written as a sum of the eigenstates:
where n A are the complex superposition coefficients. Applying the t-E Fourier transform to this gives 
Results and discussion

Transport results of the GBs
Experimental STM and HRTEM measurements on graphite [25] and graphene [11, 26] explored that the perfect hexagonal lattice contains several types of GBs depending on the preparation process. We modelled three different types of GBs along the way described in Sec. 2. Fig. 1a shows a periodical pentagon-heptagon (5-7) GB [25] which has a small periodicity (0.65nm) and very low formation energy. Breaking the periodicity and the rectilinearity of the 5-7 GB the structure became a more realistic, serpentine GB (Fig. 1b) [26]. All but one C atoms remain three-coordinated in this serpentine GB, preserving the sp 2 hybridization. Finally, taking a step towards the poorly connected graphene grains [11, 14] , we generated an aperiodic structure with different non-hexagonal carbon rings from squares to nonagons and two-coordinated C atoms (Fig. 1c) . This disordered structure is a large angle GB having a similar misorientation angle as the periodical and the serpentine GBs. These three cases allow us to separate the effect of the different factors such as the periodicity or the C atom coordination number on the transport values.
In our WPD calculations the electron WP is injected from the simulated STM tip situated over a C atom 2.5 nm away from the GB line on the right-hand side grain. After the WP has reached the tip apex from inside tip bulk, it begins to tunnel to the graphene, then spread along the surface. When the tunneled WP hits the GB, part of it is reflected back into the right-hand side grain, but part of it is transmitted through the barrier into the left-hand side grain. Transport calculations are based on the energy dependent probability current The transmission functions of three modelled GBs at the above-mentioned STM tip geometry are shown in Fig. 2 . We observed transmission peaks at similar energy positions for the periodical 5-7 and for the serpentine GB. At these energies (±0.4eV, ±1eV), the periodical 5-7 GB has local density of states (LDOS) maxima originating from the pentagons and heptagons. These higher transmission values can be explained by an increased number of conductance channels according to the Landauer transport theory [21] . The same energy positions in the transport values of the two GBs indicate that the high ratio of the pentagons and heptagons located on a curved line without periodicity has similar electronic structure as the periodical one. Moreover, we can conclude that the high transparency of the periodical 5-7 GB is not affected by breaking the periodicity, as shown by the transmission values for the serpentine GB. In contrast to the previous geometries, the disordered GB has substantially 3) illustrates the spreading pattern of an electron coming from the STM tip with a well defined energy value. Below the STM tip, localized states occur [19] due to the multiple scattering process. In order to display both the strong localized states below the tip apex and the much smaller density maxima in the GB region in the same image, we applied different color scales in the near region (inside a circle of 1.5 nm radius) and in the far region (outside the circle of 1.5 nm radius). Two main scattering centers have been observed on the GB around the Fermi energy: i) the four membered carbon rings (Fig. 3a) and ii) the vacancy type of defects containing 3 two-coordinated C atoms (Fig. 3b) . The strong localization and the enhanced reflection of these defects explain the decreased conductivity of the disordered GB.
Electronic structure calculation of the disordered GB
The WPD results for the disordered GB are confirmed with tight-binding (TB) electronic structure calculations. We used a π tight-binding Hamiltonian with first-neighbor hopping (Fig. 5b) . The peak positions are only slightly different, but the intensity of the LDOS functions differ considerably. The LDOS maximum of the other four membered carbon ring (nr 4'.) is located below the Fermi energy (EF -0.3 eV) illustrated in Fig. 5a .
In the case of the periodical 5-7 and serpentine GB the LDOS maxima coincide with the transmission maxima. However, in the disordered GB the LDOS peaks around the Fermi energy cause transmission minima. The apparent contradiction can be resolved by taking into account that the vacancy type defects and the four membered carbon rings are sharp lattice defects, therefore they can cause intervalley scattering of the electrons, leading to weak localization [28] and transport reduction. Our observation is in good agreement with other transport calculations [15] where, despite the finite LDOS around the Fermi energy, the transport is remarkably suppressed.
Effect of the vacancies on the transport
In the previous section we identified two main types of defects that act as scattering centers in the disordered GBs: the four membered carbon rings and the vacancy type defects.
The four membered carbon rings appear only in large angle GBs [29] , while the vacancy type defects with two-coordinated carbon atoms can better describe poorly connected graphene grains [15] . We carried out WPD calculations on a graphene lattice with increasing number of vacancies along a curved line in the 7.68 nm presentation window. The vacancies (6, 10, 14) are created on the perfect graphene lattice with equal ratio on the two sublattices A and B (Fig. 6) . With the help of these geometries we are able to investigate solely the effect of the 
Conclusion
We performed wave packet dynamical transport calculations for three models of graphene grain boundaries with increasing disorder: a periodic 5-7 grain boundary, a "serpentine" grain boundary, and a disordered one. The 5-7 boundary is composed of a periodic arrangement of 5-6-7 C rings, preserving the sp 2 lattice. The "serpentine" boundary lacks periodicity and is not rectilinear, still its transmission is similar to the 5-7 boundary. This is attributed to the very small number on broken sp 2 bonds and "extreme" (non 5-6-7 membered) polygons. The disordered grain boundary, however, contains numerous vacancies and "extreme" (4 or 8 membered) polygons. We identified these defects as the main scattering centres inside the disordered boundaries, which considerably diminish the electron transmission of the disordered grain boundaries. Hence, "defect engineering" may open a new way for development of high mobility graphene-based nanoelectronics.
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